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GROUND EFFECT ON DOWNWASH ANGLES AND WAKE LOCATION
By S. KATZOFFand HAROLDH. SWEBEBG

SUMMARY

A theoretical study hus been d of the reduction in
doumuxmh and tk. upunmd c@pkrcemeni? of the wake in
the presence of the ground, and some oerifiation of the
theorg hag been obtained by means of air-jimo measure-
ments made with a groww%oai-d and hna.ge+oing cmn-
bination. Mei%d are given for estinad”ng the e@!a and
numerous examples are included to Wu#raie the nature of
these e$ect8 and to dt.ou!their order of magnitude.

INTRODUCTION

An important consideration in the analysis of the
handling characteristics of an airpkme is the large re-
duction of dow-nwesh in take-off or in hnding occa-
sioned by the proximity of the ground. A reIated con-
sideration is that the wing wake, which under normal
flight conditions genemlly passes below the tail, is dis-
placed upward by the ground and may envelop the tail
just as a landing is about ta be made.

The bsskfor the calculation of downwash emglesand
wake characteristic for the normal condition (without
ground e.&ot) is discussed at length in reference 1; a

r6sum6 of the theory is given in reference 2, together
with numerous charts to facihtate its appIicat.ion. The
present paper is es9entiaIIy a suppkment to these
papers and extends the theory and the methods of CL
cuIation to cover t.ake+ff or handing conditions. It
includes also n sufficient number of illustrative exam-
ples to enable the designer to estimate the effects of
the ground on the wake location and on the downwash
angh?s.

A few wind-tunnel tests were made to provide some
verification of the theory snd to indicate that no
important factors had been negkoted.

SYMBOLS

Iift coefEcient
Iift coefficient at a partic@r angle of attack,

flaps up
increase of lift coefikient, at same ar@e of

attack, on deflecting the flap
section pro&-drag coefficient
aspeot ratio
angle of attack
downwash angIe

●

dowmvash angIe contributed by phin wing
downwash angle contributed by flap
span
chord
root chord
mean aerodynamic ohord
vertical distance h%m ground to wake origin at . ,.

root section
distance fro~ wing aerodynamic center to

ground
downward displacement of center line of wake -

from its origin at trailing edge, measured
normal to relative wind

verticaI distance from elevator hinge axis to
wake origin at root section, mesmwed normal .
to relative wind (positive if hinge axis is .._
above trailing edge)

longitudinal distance from elevator hinge axis to
quarter-chord point of root section

longitudinal distance from elevator hinge axis to ____
trailing edge of. root section

wake hal%idth
correction factor in formula for ground effect on

@e of attack
free-stream dynamic prwsure ..-—

THEORY

In the proximity of the ground, the wing vortex
system is reflected in the ground and the resulting
downwssh at the tail corresponds, to the combined
field of flow of the two symmetricrdIy situated and op-
pitely rotating vortex systems. The superposition is
illustrated in figure 1. Figure 1(a) shows the down-
wssh fieJd in the phme of symmetry of a wing, under
nornud flight conditions; the field is symmef.ricaI about
the wake, which is so curved that its slope at every “
point is the tangent of the downwaah angle at that
point. The superposition of the reflected downwssh
field when the wing is near the ground is shown in
@ure 1 (b); the dow-nwash angle at every point is me

.—

a~ebraic sum of the two downwash angles, and the
slope of the wake at every point is the tangent of the.
resultant downwaah angle at that point. The resultant
fidd is shown in f@re 1(c].
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(a) Nornra[ downwash fkld.
(b) Superpmlt Inu of downwdl flelde of setual vmtex ayetem (full lines) and re-

&xted voi-texsysrem.(dotted IInes).
(c) Rrmdt ant downwssh field.
FIGUREL-Rluatratlon of the ground effect on .tlre downwseb flehibehind an elr-

M. ReManguler wIn,q A, 6; Cr,,LO;?E, LO.

The assumption, implied in this procedure, that the
system of bound and trailing vortices is independent
of the distance from the ground dow not strictly hold.
First, since the field of the reflected bound vortw re-
duces the tiective airspeed at the wing, the average
strength of the bound vortex must be correspondingly
increased in order to maintain the given lift coefficient.

This increase is rib.out~ percent, an~ the resdta

obtained by the procedure given may, for better accu-
racy, be increased by this mount. ‘ Sewndj tie dis-

tribution of the bound vortex across the span of the
wing will be altered by the preeencc of the ground with,
usually, a slight conccnhation toward the cerrterof the
wing. Third, the trailing vortices sh~ from the tips
of the wiugs and the flaps do not extend straight back
but move laterally outward under the influence of their
own reflections. The last two eflects are relatively

(e) C/,-oa.
(b) C+-o.l!i.

(o) C4-O.1O.

FIounE ?.–Wakc cffcwton downwfsh. The ctkfs arc oqur+lbut 0[ omo$ite s[sn
Mow the weke center.
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smalI and me probably negligible for most cases. For
a practical fit approximation it appears permissl%le
to negleot all three &ects because, for distances from
the ground for which they become pronounced, the
downwaeh angles are so far reduced that even relatively
huge percentage errors are numerically small.

The wake, together with the flow into it (reference 2),
may also be considered to be reflected in the ground.
Inasmuch as thw inflow is appreciable onIy within or
very ciosc to the wake, the effect of the reflected wake
will gener~~y be negligible unIess the wing is kss tlmn
one chord from the ground.

The amdysis given in refer~ce 2 of the flow into the
wake has been repeated on the.basis of the more recent
wake studies included in reference 3. The results (fig.
2] indicate that the effect is Ie= than that shown in
reference 2, especially near the edge of the wake.

It may be remarked here, with rwipect to the acturd
prediction of tail forces, that some uncertainty exists
regarding the calculation of the effective angle of attack
of the tail when it is near the center of the wake, where
the wake effect changes rapidly with distance from the
center. For such conditions, the relation between the
effective flow at the tail and the flow which would exist
in that region in the absence of the taiI may not be very
close. E.xperimental studios of the forces on an airfoil
in a nonhomogeneous field of flow, as in a wake, would
be of consicIerableaid in this respect.

It maybe noted further that the methods of reference
2 me not very accurate in certtin cases, for example, if
the fuselage ia a poor aerodynamic body or if the adcli-
tionrd lift due to flap deflection does not carqy across
the fuselage. Such inaccuracy may be expected to
persist near the ground; prediction of the wake location,
which will often be the most critical of the variables
involved, WW be. relatively unaffected by these inaccu-
racies.

APPARATUS AND TESTS

For the tests the ground was represented, as sug-
gested in reference 4, by an image airfoil and a ground
board having its leading edge midway between the test
airfoil and the image (iidicated diagrammatically in
fig. 3). ‘1’Lwtest airfoil was a 10-by 60-inch rectanguhir
NACA CYH airfofi equipped with pressure orifices
along the mid-aemispan section; the image airfoil was
s“dar in form but had a Clark Y section. h~obalance
was used; the relation between the lift coefficient at the
section containing the oficea and the lift coefficient of
the wing, as determined from previous tests, was used
to estimate the Iift. The ground board was of X-inch
plywood; although probably too thick for the usual,
studies of ground effect on lift ar+ddrag, it was con-
sidered satisfactory for downwash studies. The air-
foiki and the ground board were mounted vertically on

the floor of the entrance. cone of the NACA f@scale
wind tunnel (fig. 4); the alinem~nt of the ground board _.,___
with the air stream vw veriiied by means of static-
preasure measurements made near the Ieading edge on ~~~~
kth sides. Airspeeds of about 50 miles per hour were _ _ ,
used for the tes@.

-.
.-

< <

..- .=

FIKEX 3.–Pextfal ground board SIMIfnmge.wtng mmbfnstfon.

Measurements of downwash @es and of total and
static pressures were made in the plane of symmetry of
the airfoil by means of a two-~er yaw head (reference —

S) and a total-presstire tube and a static-premre tube
placed near it (fig. 4). One test was made of the plain

●

FIGCEE 4.-SIX-UP for mea.mrfng ground eUwt on downwash.

airfoil at i distance of 1.Oc (measured to the quar-
ter-chord Iine) from the ground, at a lift coeflicknt “-

of 1.0. For the airfoils fitted with fuU-span 0.20c ‘-
spIit flaps deilected 60°, measurements were made .- --
at distances of 0..6c, 1.OC,and 1.4c from the ground “ . ...
at a lift coefficient of about 1.6. ~..
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The accuracy with which the airfoil lift coefficients
were estimated from the section lift coefficients was
considered satisfactory, although the relation between
the two is probably altered somewhat in the presence
of the ground, Most of the downwash angks are
accurate within about 0.25° In the wake, however,
especially near the trailing edge, the excessive turbti-
lence probably contributed further error, m was indi-
cated by the fact that the separate pressure readings
of the two fingers of the yaw head did not bear the
same relation to their di.fTerenceas did the readings
outside the wake.

The combination of the partial ground board and an
image wing is probably the most practical of the

i

80 — GpSr”faal -.---- lheff+i%a!

ijm I I I

!;

/’
.“(, .&g

f M ,

Disfmce bt%kd jmkrfff-hd>n}
pwcen semqnm ‘ ‘

(a)No fiq);CL,LO;@, 0$3

Dishnce betund quader-chwd pattif,
percent smzispon

@I With full-spin 0.20sspl[thIJ defkkd @3°;CG I.% s/_ ,0.7S.

(reference 4); the thickness of the lctding edge of the
ground board should bo reasonably small, however, for
the leading edge corresponds essentially LOa discon-
tinuity in the ground level

RESULTS OF TESTS AND DISCUSSION

The experimental downwash-angle contours arc com-
pared with the calculated contours in !igum 5. Since
the observed wake of the flapped airfoil indicated a
profile-drag coef6cient of about 0.135, tho wake effccL
corresponding to this VRIUOwas included in the cal-
culated contours.

The M-iiindiscrepancy between the cxperimcnhd and

(b) With full-span O.XICspt[f ~p dektcd S3°; CA 1,6;v?, 0.41.

WHI
80”

al — &5rperine3nhi
5“ ~ 1_~J—.-.-.. . -------mew-died 1

kvbce behind qua-kr-ctm-d @j,
pet-cent sem”kgm7

(d) Wfth fU]hSp8TlO.Xk ~lit flw dcktcd 63”; CL,10: ~, 1.16.
FIOURE6,—Comparisonof themeticaf with ex~mental downwweh sngles fn the presenee of the ground. RcetangolsrNACA CYfI WhIg A, 0.

acceptable methods of studying ground efl’ect on air-
foils. & has been showq by Rnumber of investigators,
the boundary layer on a ground board that extends
ahead of the airfoil expands or Separatesm it approaches
the area under the leading edge of the airfoil, owing to
the positive prcwure gradient in thak region. For the
combination, however, the leading edge of the board is
at. the region of maximum pressure and the boundary
layer (Ievelops in a negative pressure gradient, Some
preliminary studies indicated that this negative grad-
ient continua for some distance behind the airfoiI and
that the bounda~ layer remains of negligible thickness
throughout the region where it might influence the
airfoil characteristic. Apparently, the image wing
need not be an exact reproduction of the test wing

the calculated vrdues of ~ uppeara in Lhc region close
to the trailing edge, where the txpwimen tal vttlueaare
higher than the theoretical; a vortex at the quarter-
chord Lineis apparently too inexact a substitute for a
wing, mpecially a flapped wing, to give accurate re-
sulte for the flow near it. In the region wlterc the tail
surface is usually placed, however, thu agrcemenL is
satisfactory. The observed variation in dowmwash
across the wake seemed to be somewhat less shurp
than that indicat~ by the theory; as has a)ready ken
rioted, however, the rneasuremcnts within the wake
were relatively inaccurate. Inasmuch as the mdcu-
lated and the observed locations of the wake center line
agreed within the accuracy of the measurements, only
one wake center Iille is shown in each figure.

.-
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GROUND EFFECT ON DOWNWA6H

APPLICATION

EXAMPLESOF GROUNDEFFEOT

“Anumber of exampIes of the ground effect on dovm-
wash angles and wake location are given in figures 6
to 10. These figures may be used for design charts
because the examples cover most conditiom.of practimd
interest; that is, enough cases are included not only to
ikstrate the nature of the effect but alea to permit an
estimate of the order of magnitude of the effect in any
case. For use at Iift coefficients other than those
shown, the downwash angles and the downward dis-
placement of the wake may be assumed proportiomd
to the lift coefficient. hTo wake effect was included
in the computations for these figures inasmuch as the
profik-clrag coefficient w-ould depend on the type of
high-lift device used; the correction for the ground
effect on the effective airspeed at the wing has dso
been omitted because the value of d~ depends to sgme
dent on the geometric chracteristi= of the wing. ~

CALCULATION PROCEDURE

Fi@res 6 tci 10, together with figure 2, wiII probably
sullice to indicate to the designer the magnitude of the
ground effect and the conditions that the airplane
must meet near the ground. In order to complete
the preeentation and also to show the methods of calcu-
lation for cases not covered by the ilhtstrations, the
‘following additional discussion of the qpethod isgiven.

Superposition of the downwash ilelds.-The ody
complication of the process of superposition HIustrated
in figure 1 is that the location of the wake cannot be
predetermined because it depends on the resultant
downwash field. For any particular case, asatisfactory
method of locating tie wake is to assume a wake loca-
tion, calcuIate the corresponding downwash <angks
SIOU it adjust the wake. Iooation to these angLes,
recalculate the downwash angles, readjust the wake
locatioI+, and so on until further steps produce no
change. Two or three steps generally sufEce.

Another method is to draw the wake center line as a
series of straight sections starting at the traihg edge
(or wake origin), the slope of each section being deter-
mined by the coordinat= of its Erst point. (This
method corresponds to the step-by-step integration of
the ditlerencial equation, dg@c=j(z, y).) A modifica-
tion of this method was found to be simplest for locating
the wake at any particular distance behind the trailing
edge within the”normal range of taiI positions. It de-
pends on the observation that, in this range, the aver-
age sIope of the wake between the trailing edge and a
point distant t behind it is very nearly the slope of the
wake at 0.45g from the trailing edge, whiIe the average
slope between the trailing edge and the point at 0.45$

7LEmo-4e -Ix
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of computing the wake displacement at a distance ~
thus consists of the following steps:

a. Without considering wake displacement, calculate
the downwash angle ~ .20(remltant of the actual and
the reflected vortex fields) in the wake at 0.21)tbehind
the trailing edge.

b. Calculate the wake displacement at 0.45&behind
&e trailing edge as 0.45EX.fm %,w..

c. Taking this displacement into account, find the
downwash angle %.,, in the wake at 0.45~ behind the
trailing edge.

d. Calculate the wake displacement at ~ behind the
trailing edge as ~X tan %,a.

The wake effect (fig. 2) is added as deecribed in ref-
erence 2 with consideration, also, of the reflectsd wake
for positions very close to the ground. For such posi-
tions it may happen that the wake half-width, as
calculated by the methods of reference 2, excceda the
distance from the wake center to the ground. In this

FKIUFIS1l.–IUllSkSttOnofthoStllll)]ifkdmethodofdctermfnhw the wake df@aca-
ment at a dktanm Ebchfnd the tmdlfrwedge. The average SIOP8Mwccn the trall-
Ingedge and .fapnroxlmatc& ewmls the.dom at o.~ mdthaa~-~~w Mt-n
the traillne cdce and 0.4titnprmdmnteb’WMIs the alOLWat fJ.W

case the ground effect will no longer be simply a reflee
tion of the normal wake; for the calculation of
downwash angles, however, the assumption of simple
reflection will give approximately correct results though,
physically, the corresponding concept of a wake image
partly extending above the ground is obviously in-
correct.

The small correc~on for the ‘va~ation of downwash
acroas the tail span (fig: 21 of reference 2) inay be dis-
regarded in these calculations.

Ground effect on lift.-Although this paper is not
primarily concerned with the ground effect on the wing
lift, some remarks concerning it may be in order, inas-
much as its magnitude must be known for any applica-
tion of these redte. For a given lift cdlicient, the
angle of attack decreases as the &plane approach.w the
ground; hence the corresponding increase in Me angle
of attack of thci tail is, for a given lift coefficient, Ices
than the decrease in the angle of downwash.

The ground effection the wing may be umsidered to
consistmsentially of three parts: (a) A reduction in
the tiective airspeed at the wing, due to the field of the
reflected bound vortex; (b) a change in the effective
camber and airfoil section characteristic in general,

due to the curvature and the &40rtion of the flow by
the reflected wing; and (c) a reduction in q~e induced
angle at the wing, due to the upflow associated with the
reflected trailing vortices. An extensive thcoreth.1

analysis is given in references 6 and 7, and the results
are summarized in the appendix of referenu 8. As
indicated in reference 8, however, (c) alono appears to
account approximately for the observed ground eflcct
on lift, so that (a) and (b) may be considered to nullify
each other for most conditions of practical interest. A
simplified theory based on (c) alone may therefore bc
tentativdy recommended, at least for staldity and
control calculations. The reduction in the angle of
attack for a given Iift coefficient is then given by the
equation n

in which, by reference 8,
== #S(2d/b)0.7M

For the lauding attitude, CTmay be of the orclcr of 0.5,
which cknnsponds to the effective doubling of the aspect
ratio.

RkSUMfi OF METHOD

For the, calculation of downwrwh angles and wake
location ig the proximity of tlm ground, the procedure
given in reference 2’is revised as follows:

Plain wings.—
1. Determine z, t, m, and z in scmisprms. (Consider

the wake origin to coi!lcide with the trailing edge.)
2. Determine the downward displacement h of the

wake center line at the elevator position in the foHowing
steps:

a. Determine %.ZOfrom the clownwash charts of
reference 2,

.

@M=CL[~(X–O.8& O)–c(.c-O.8& 2z)]

(The term e(z-O.8& ‘O) is the downwaah angle read
from the appropriate chart of reference 2 at tho point
whose abscissa is x—0.8& and whose ordinate is O.
Similarly, tho term C(X–0.8~, 22) is read at the point
whose abscissa is z— 0.8~ and whose ordinatu is 2:, It
will be noted that the ordinaks in tho chtirte tire thus
considered as” vertical distances froin the wake center”;
the present label, “ vcrticud dist.ancc from quart*r-
chord point,” which applies-only to the “ undisplrwcd”
downws+h-rmgle contours, has given rim to some
confusion.)

b. Determine ~O.Mfrom the.Jownwash charts.
%t.M=cL{@-o.55&o)

—c[.r-O.55&2(z–O.45$tan ~.ti)] }
c. h=f tan q.ti

3.Determine the downwash at the hinge line as
. ~=CL[@, m+h)–~(~, 22+~–h)]

.

I
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Flapped wings,— .-

1. Determine z, g, m, and z as before, but measure m
and z from the waktlorigin rather than from the tra~%ng
edge.

2. Detemnine h in the following steps:
a. q20=C%bzz-.80& 0)-4z–O.8& 2z)]

+C!Ef(X–0.8#, O)–4Y0.8E, 2z)]
where the subscripts of G. and cr signify that these
values are to be read from the downwash charts for the
plain wing and for the flap, respectively.

b. %.s= CL={6.(HI.55E, o) —%&o.55f,
2(z–().45~ tin ELM)]}

+ c.r{Ef(z–o.55g)
—@-O.55& 2(z—O.45~tan ~.a)] ]

c. h=~ tan *.U
3. ~=CLZ[6&, m+h)—~~, 2(&!+m-ii)]

+cL&(z, m+h) —q(z,22+m–h.)]

4.Add tie wake correction (fig. 2). T@ correction
is a function of c~O,g (me~ured in root-chord Iengths),
and m+h (measured in root-chord lengths).

5: Add the correction for the reflected wake, which is
a function of c%, &,and 2z+m —h.

EXAMPLES

The specimen calculations of reference 2 will be r+
peated here for the case in which the trailing edge or
wake origin is 0.2 semispan from the ground (fig. 12).

(4

(a) Flap up.
(b) ~p down.

FIGUREIZ.—llkI.straUonforthasmcinwndcrdnfirmsotdwnwash and waka.

For the flap-up condition, the reduction in angle of
attack for the given Iift cticient fi about 0.7°; for the
flapdown condition, the reduction is about 1.2°.
These changes correspond to an increase in m of about
0.01b/2. The steps just outlined me: ,
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FIaps u~.—
1. X=O.68, ~=o.43, ?n=o, 2=0.2
2. a. qfi=o.9[e(o.34j o) –E(O.34, 0.4)]

=0.9 (7.5”-32”)
=3.9°

(An extrapolation of the downwash-angle charts was
necessmy to fid these values of e)

b. ~M=0.9[e(0.44, O)–c(O.44, 0.37)]
=0.9(6.6°—3.50)=2.80

c. h=O.43 tan 2.8°
=0.02

3. e=O.9[G(0.68,0.02) —e(O.68,0.38)1
= 0.9(5s0–3.30)
=2.3°

The wake hdf-wid~ is about 0.03 semispan and the
tail I.iesin it at 0.02 semispan from its center.

~pS down.—
1. 2!=0.68, /=0.43, ??I= O.03,2=0.2 ““
2. a. q.m=o.9[@(o.34,0)–6M(0.34,0.4)]

+0.76[EJ(0.34,0)–q(O.34,0.4)]
=0.9(7.5°—3.20)+0.76(9.5°–4.10)
=3.9°+4.10
=8.0°

b. ~.ti=0.9[cJ0.44, O)–eti(0.44, 0.35))
+0.76[c (0.44, O)–q(O.44,0.35)]

=0.9(6.6J–3.6”)+0.76(9.0°–4.60)
=2.7°+3.30
=6.0°.

c.h =0.43tan6°

... --

-.

.-

—.

---

.—

—
=0.05

3. e=0.9[,w(0.68,0.08)–gu(O.68,0.38)]
+0.76[q-(0.68,0.08)–q(O.68,0.38)] . :_
=0.9”(5.3Q–3.30)+0.76(7.30-4.20)
=1.8°+2.40
=4.2° .

4.m+h=O.08 semispan
=0.24%,

Since the wake half-width f is 0.34c,, the tail is within
the wake. F&me 2 indicat~ a downwash-angle ,
increment of 1.5°. —.

5. 22+ tn-h=O.37 semispan
=I,llc,

The reflected wake is thus too far away to have an
appreciable effect.

The downwash angle at. thehinge line is
,,

4.2°+ 1.5°=5.7° -.—--—

which is 5° less than the vahe (10.7°) caIculat.edfor the
case without mound effect. S-km the attitude of the
airplane has &anged by 1.2°, the increase in the angIe
of attack of ~he taiI is only 5°—1.20, or 3.8°.

-.

The dynamic pressure at the hinge Jine, &o=o.71

wake half-width from the wake center, is (by fig. 24 of .. .....
reference 2)

(1–0.2x0.63)q=0.87q

.
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